Sulforaphane (SFN), a natural isothiocyanate present in cruciferous vegetables such as broccoli and cabbage, is effective in preventing carcinogenesis, diabetes, and inflammatory responses. This study was initiated to determine whether SFN could modulate renal functional damage in a mouse model of sepsis and to elucidate the underlying mechanisms. The potential of SFN treatment to reduce renal damage induced by cecal ligation and puncture (CLP) surgery in mice was measured by assessment of serum creatinine, blood urea nitrogen (BUN), lipid peroxidation, total glutathione, glutathione peroxidase activity, catalase activity, and superoxide dismutase activity. Treatment with SFN resulted in elevated plasma levels of BUN and creatinine, and of protein in urine in mice with CLP-induced renal damage. SFN treatment also reduced the plasma levels of interleukin-6 (IL-6) and tumor necrosis factor- (TNF-) increased lipid peroxidation, and markedly enhanced the antioxidant defense system by restoring the levels of superoxide dismutase, glutathione peroxidase, and catalase in kidney tissues. The present results suggested that SFN protects mice against sepsis-triggered renal injury.
Sepsis is defined as a systemic inflammatory response syndrome caused by infection and is a common cause of morbidity and mortality, despite recent advances in antibiotic therapy and intensive care [1] . Although activation of cytokines is part of the host defense response to infection, excessive production and secretion of cytokines can cause widespread tissue injury and organ failure [2] . Septic conditions activate inducible nitric oxide synthase (iNOS) and increase the plasma concentration of nitric oxide (NO), which ultimately leads to cytotoxicity [3] [4] . Sepsis is also known to enhance the synthesis of reactive oxygen species (ROS) such as superoxide anions and hydrogen peroxide [3] [4] . The excessive production of ROS can cause significant oxidative stress as indicated by a decrease in endogenous antioxidant defenses and lipid peroxidation. The rate of organ failure due to sepsis can be diminished by reduction of inflammatory cytokines and inhibition of iNOS activity [3] [4] [5] . Since interventions that reduce the production or the effect of ROS have been shown to have beneficial effects on sepsis [6] [7] , agents that can decrease cytokine production and ROS might also prevent or lessen the pathological cascade of inflammation caused by sepsis. Sulforaphane (SFN) is an organosulfur compound that exhibits anticancer and anti-diabetic properties in experimental models, and is found in cruciferous vegetables such as broccoli, Brussels sprouts and cabbage [8] . In addition, Heiss et al. reported that SFN possesses anti-inflammatory properties, resulting in the downregulation of LPS-stimulated inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2 and TNF- expression in RAW macrophages [9] . However, to our knowledge, the protective effects SFN against sepsis-mediated renal damage have not been studied. Thus, in our continued search for natural products capable of modulating renal protective functions, we found that SFN exhibits potent renal protective activities in sepsis-mediated renal damage. Therefore, in the current study, we aimed to define the renal protective effects of SFN in an animal sepsis model.
The effects of CLP surgery on nephrotoxic markers are shown in Table 1 : plasma levels of BUN and creatinine, and protein levels in urine were significantly higher on the fourth day after CLP surgery than in the sham-operated group. Sham operation or administration of SFN only to mice did not result in any obvious changes in plasma levels of BUN and creatinine, or of protein in urine. The increased levels of BUN and creatinine, and of protein in urine after surgery were not inhibited by a single administration of SFN (0.39 mg/kg, 12 h after CLP, Table 1 ). Thus, we administered two equal doses of SFN, one at 12 h after CLP and the other at 50 h after CLP. We found that SFN decreased BUN, creatinine, and protein in urine levels ( Table 1) . Another important marker of tissue injury, lactate dehydrogenase (LDH), was also reduced by SFN in CLP-operated mice (Table 1) . The effects of SFN treatment on inflammatory response in kidney tissue were investigated in vivo by measuring plasma nitrite and nitrate levels (stable end products of NO). In sham-operated and SFN-only mice, the levels of plasma NO did not significantly change (Table 2) . However, CLP surgery caused an approximately 7.4-fold increase in mouse plasma NO production with respect to that in control mice (Table 2) . Post-surgery treatment with SFN resulted in NO levels being up to 40% lower than those in the CLP group ( Table 2 ).
The effects of SFN on CLP-induced inflammatory responses were investigated through measurement of plasma levels of TNF- and IL-6. CLP surgery significantly increased plasma TNF- and IL-6 levels; post-surgery treatment with SFN inhibited these increases (Table 2) . Plasma concentrations of TNF- and IL-6 were lower by 68 and 63%, respectively, in CLP + SFN (0.39 mg/kg) group than in the CLP group. Next, we determined the effects of SFN treatment on infiltration of neutrophils after CLP surgery. Kidney tissues were collected, homogenized, and centrifuged, and supernatants were assayed for myeloperoxidase (MPO) level by ELISA. MPO activity can act as an indicator of renal infiltration by neutrophils. We identified a marked increase in MPO level after CLP surgery (Table  2) , which was associated with nephritis. Treatment with SFN postsurgery resulted in a significantly lower MPO concentration in renal tissues than that in the CLP-operated mice. MDA concentration is an indicator of lipid peroxidation levels. In kidney tissues of CLP-operated mice, a significant increase in MDA levels was present (Table 3) . Treatment with SFN post-surgery led to significantly lower MDA levels than those in the control group. To test the effect of SFN on CLP-induced oxidative stress, we analyzed the activities of the antioxidant GSH and the oxidative stress associated enzymes SOD, GSH-Px, and CAT. Total GSH levels and the activities of SOD, GSH-Px, and CAT were similar in the SFN-only and sham-operated groups. In contrast, total GSH levels and renal activities of all three enzymes were reduced in the CLP mice. However, post-surgery treatment with SFN increased total GSH and renal enzyme activities (Table 3 ).
The aim of the present study was to evaluate the potential effects of SFN on renal damage in mice with acute CLP-induced sepsis. Our data demonstrated that post-surgical treatment with SFN significantly ameliorated CLP-induced deterioration in renal function. Furthermore, SFN reduced the levels of TNF-, IL-6, NO, and MPO that were elevated after CLP; additionally, SFN treatment reduced elevated iNOS levels after CLP surgery. These ameliorative effects were accompanied by an increase in the activities of antioxidant enzymes and a reduction in the levels of lipid peroxidation products in renal tissues. Therefore, the results of the present study suggested that SFN might potentially have beneficial effects in therapies to prevent acute renal injury due to sepsis. We found that excretion of urinary proteins and the levels of plasma BUN and creatinine were increased after CLP surgery; these findings are consistent with previous reports [10] [11] [12] . Our study also found that changes in kidney function after CLP surgery could be ameliorated by SFN treatment, since significant reductions in BUN, creatinine, and urine protein levels were identified. NO is an important proinflammatory molecule that is released during inflammatory responses. In pathological conditions, iNOS is induced and then NO is synthesized, and can affect many parts of the inflammatory cascade [7] . There is substantial evidence that CLP-mediated renal inflammatory damage may be due to increased iNOS activity and consequent abnormal NO levels [3] [4] [5] . Our results showed that CLP-operated mice had enhanced NO production in blood and iNOS expression in kidney tissue; these changes were significantly reduced by treatment with SFN.
TNF- and IL-6 are involved in CLP-induced tissue damage and are regarded as major regulators of severe inflammatory diseases such as sepsis or septic shock [2, 13] . In this study, we found that SFN treatment reduced the levels of TNF- and IL-6. Since the increased release of cytokines, particularly TNF- and IL-6, appears to be an essential aspect of pathogenesis in the inflammation process, the inhibitory effects of SFN on CLPinduced TNF- and IL-6 production might be a crucial step in the anti-inflammatory action of SFN.
The antioxidant enzymes SOD, CAT, and GSH-Px are considered to be the primary defenses against oxidative damage in tissues [14] . Septic conditions have been found to impair the balance between free radical scavenging and production by cellular antioxidant systems [15] [16] . Our data showed decreased levels of the three enzymes in kidney tissue in CLP-operated mice; the activities of these enzymes were significantly raised by SFN treatment. These results indicate that may have potential therapeutic value in oxidative stress-associated kidney diseases. The major lipid peroxidation product, MDA, is a good indicator of oxidative stress; a negative correlation has been reported between the MDA level and the activities of endogenous antioxidant enzymes [17] [18] [19] . Here, our data showed that renal MDA levels were increased in CLPoperated mice and that SFN treatment significantly reduced this increase. As described above, SFN may promote the activities and levels of SOD, CAT, and GSH-Px in kidney tissues of CLP mice. Therefore, our data indicate that SFN could provide renal protection against CLP-induced oxidative injury via inhibiting lipid peroxidation as well as promoting the activities and expression of endogenous antioxidant enzymes.
In conclusion, this study has demonstrated a renal protective effect by SFN against CLP-induced kidney injury and septic lethality. The ameliorative effects of SFN were associated with down-regulation Sulforaphane protects sepsis-triggered renal injury Natural Product Communications Vol. 13 (6) 2018 745 of TNF- and IL-6 production reduction of iNOS expression. These effects were accompanied by enhanced antioxidant defense and decreased lipid peroxidation in the kidney and plasma in vivo. Overall, noting that SFN has no cytotoxicity on human endothelial cells and has anti-septic effects against transforming growth factor -induced protein (TGFBIp)-mediated septic responses [20] , our results suggest that SFN has the potential to be considered for therapeutic use in the treatment of renal inflammatory damage and sepsis-induced oxidative stress.
Experimental
Animals and cecal ligation and puncture: Male C57BL/6 mice (6-7 weeks old) were obtained from Orient Bio Co. (Sungnam, Republic of Korea) and were given a 12 d acclimatization period. The mice were housed under controlled temperature (20-25°C) and humidity conditions (40-45% RH), with a 12 h light:12 h dark cycle. They were fed a normal rodent pellet diet and had ad libitum access to water during acclimatization. To induce sepsis, the mice were first anesthetized with Zoletil (tiletamine and zolazepam, 1:1 mixture, 30 mg/kg) and Rompum (xylazine, 10 mg/kg). Sepsis was induced using cecal ligation and puncture (CLP) as previously described [21] [22] . As controls, sham-operated animals were used: in these mice, the cecum was exposed, but not ligated or punctured, and then returned to the abdominal cavity. Animals were randomly divided into 7 treatment groups (n = 10 each): sham-operated control; SFN-only (0.72 mg/kg body weight; Sigma, St. Louis, MO) in 0.5% DMSO; CLP surgery only; and CLP + SFN (0.07, 0.13, 0.2, 6 or 0.39 mg/kg body weight). SFN was intravenously injected at 12 h after CLP and again at 50 h after CLP. Blood and organ samples were collected 4 days after SFN injection for functional assays. This protocol was approved by the Animal Care Committee at Kyungpook National University prior to conducting the study (IRB No. KNU 2016-54).
Sample preparation: Four days after SFN injection, the mice were anesthetized as described above and sacrificed. Blood samples were collected from the posterior vena cava and allowed to clot. Serum was separated by centrifugation at 4,000 rpm for 10 min, stored at -80°C until analyzed and was used for the assessment of plasma BUN and creatinine levels. Kidney samples were immediately removed and weighed. The kidneys were then minced with scissors and homogenized in 0.1 M phosphate buffer saline (pH 7.4); the tissue was fractionated under refrigeration by centrifugation at 10,000 x g for 10 min. The homogenate was stored at -80°C until analyzed in the various biochemical assays. Protein concentrations were determined using the Bradford assay.
Evaluation of nephrotoxicity and lactate dehydrogenase: Renal dysfunction was assessed by measuring the changes in levels of BUN and creatinine, and of protein in urine. BUN, creatinine, and LDH, another important marker of tissue injury, were measured using commercial assay kits (Pointe Scientific, Linclon Park, MI).
Urine samples were collected from each animal using a metabolic cage at 12 h after CLP surgery and the supernatant was obtained. Urinary protein concentrations were determined by the Bradford assay, using BSA as the protein standard.
Plasma nitrite/nitrate determination: Nitrite and nitrate concentrations in the plasma were determined using Griess reagents and vanadium solution (VCl3) as previously described [23] . Briefly, 100L of VCl 3 were added to 100 L of sample, immediately followed by Griess reagents (0.1% N-1-naphthylethylenediamine dihydrochloride and 1% sulfanilamide in 5% phosphoric acid). After 30 min of color development, absorbance was determined by measuring optical density (OD) at 540 nm using a microplate reader (Tecan Austria GmbH, Austria). Concentrations were determined by comparing absorptions with those of a standard curve of sodium nitrite.
Renal myeloperoxidase activity: Renal MPO activity was used as a quantitative indicator for neutrophil influx into the kidney; MPO activity was measured using ELISA kits (Abcam, UK).
Evaluation of oxidative stress markers: Lipid peroxidation was determined using a method to measure the formation of thiobarbituric acid reactive substances (TBARSs). The level of malondialdehyde (MDA) in kidney tissue was measured spectrophotometrically using an OxiSelect TBARS assay kit (Cell Biolabs, San Diego, CA). MDA values were expressed as nM/mg protein. Total glutathione (GSH) contents of kidney tissue were measured as described previously [24] . A tissue homogenate was prepared, and then samples were added to metaphosphoric acid and allowed to stand for 5 min to precipitate proteins. Phosphate buffer and 5,5′-dithiobis-2-nitro-benzoic acid were added for color development. GSH was determined by measuring absorbance at 415 nm and absolute concentrations were calculated using a GSH standard (Sigma Aldrich, St. Louis, MO). Values of total GSH were expressed as nM/mg protein. Superoxide dismutase (SOD) activity was measured using a SOD assay kit (Fluka). Values of SOD were expressed as U/mg protein. Glutathione peroxidase (GSH-Px) activity was determined using the cellular activity assay kit CGP-1 (Sigma Aldrich). Values of GSH-Px were expressed as U/mg protein. Catalase activity (CAT) was determined by a CAT assay kit (Sigma Aldrich) using the decomposition rate of the substrate H 2 O 2 as determined at 240 nm. Total CAT values were expressed as U/mg protein.
Statistical Analysis:
All experiments were performed independently at least three times. Values are expressed as means ± standard deviation (SD). The statistical significance of differences between test groups was evaluated using SPSS for Windows, version 16.0 (SPSS, Chicago, IL). Statistical relevance was determined by oneway analysis of variance (ANOVA) and Tukey's post-hoc test. P values less than 0.05 were considered to indicate significance.
